INTRODUCTION
Persons or animals exposed to ordinarily available sources of penetrating radiations usually do not indicate sensory perception of radiation.
Nevertheless,~~ it has been known for many years that.the retina is:.:.very 0 0 1, 2 1 1 h b sens1hve to x or·y raysp an exposure to roentgen or ess as een reported to cause an alteration.inthe absolute.thresholdto light sensation. l,~~ He recorded peristaltic contractions of .the body of the leech,~~ Hirudo medicinal:i.s, at low dose rates of 0. 7 5 r/ sec following 50 seconds of radiation stimul-ation. On the other· hand, appreciable dose rates of 1000 rad/min of high-energy a. particles in our laboratory failed to stimulate frog sciatic nerves {C. Gaffey, unpublished) ,. and lasting alterations of ionic balance in * ' .
This material was presented in preliminary form at thelnterriational Symposium on.the Response of the Nervous System to Ionizing Radiation, North-\ western University, Chicago, Illinois (Sept. [7] [8] [9] 1960 , and at the meeting of the Biophysical Society, St. Louis, Missouri (Feb. -16-18, 1961 It appeared to us.that a relationship must exist between radiation intensity, time sequence of exposure, and the physiological state or active response of various neural structures. In this preliminary report we deal with the blinking reflex that usually follows corneal stimulation in rabbits.
EXPERIMENTAL METHOD
The Berkeley heavy-ion linear accelerator (Hilac) was used as a radiation source. This instrument can deliver controlled single or multiple pulses of 40-·Mev a-particle radiation ranging from 0.2 msec to 5.0 msec in duration and up to a 10 7 -rad dose in a single pulse. Young. adult, unanesthetized rabbits (New Zealand white males) were used .. Figure 1 shows the schematic arrangement.
These rabbits normally have a blinking rate of approximately once every 4 minutes .. The a-particle beam emerging from the Hilac was focused
into an approximately parallel bundle of particles, a few mm in diameter;
individual beam pulses were monitored by means of a vacuum "foil chamber-. "
The surface dose was measured with a parallel-plate ionization chamber. 13
Multiple trains of beam pulses could be produced at the rate of 15 pulses per second.
The rabbits were bundled in a specially built straightjacket, preventing gross movements of their pq'die,s;,, and then were placed in an electrically 
RESULTS
When the dose of a particles corresponded to less than 1000 rad::.per pulse, even prolonged radiation "stimulation" up to a total dose of 150,000 rads in the cornea in 100 sec or longer failed to elicit blinking or pain
response. On the other hand, whenthe substantia propria received a dose of about 40,000 to 50,000 rads, eitlier in a 2-msec pulse or in several evenly spaced pulses, all delivered wi'thd.ri !;sec,, the blinking reflex resulted, observable directly or by means of electrical recording from the orbicular oculi muscle. Typical records of such stimulations are shown in Fig. 2 .
When the dose in a single pulse was above the "threshold" for the animal, the blinking reflex followed the corneal radiation pulse by 100 to 300 msec. When the dose was near threshold, delayed blinking sometimes resulted, following the beam pulse by 300 to 10,000 msec ( Fig. 3) '. When the stimulus was more than twice the threshold, or following 10 to 20 stimulations, frequently repeated blinks, shutting of the eyelid for several seconds, and release of secretions from the lachrymal gland's followed (Fig. 4) . UCRL-9681 electrical, heat; and cold stimuli in the cornea usually caused the same effect ( Fig. 2 aj b) . It seemed worth while to establish the site of origin of the radiation-induced nerve impulses that led to the blinking responses which we observed. Alpha-particle stimulation was then carried out under the following conditions: on normal rabbits; on rabbits under varying light illumination; on rabbits with their optic nerve cut; on rabbits with local corneal anesthesia; and finally, by placing the "Bragg ionization peak" of the beam pulse at various depths under the corneal surface. When the optic nerve was cut so that the animals did not exhibit blinking or contraction of the iris in response to visible light stimulation, the response to corneala-radiation pulses remained unaffected (Fig. 4b) . On the other hand, corneal anesthesia by tetracaine abolished blinking reflex at all radiation doses tested up to 100,000 rads (Fig. 4c) ; blinking response to visible light, mediated by the retina, remained unaffected. The significance of these findings is better illustrated by comparing the rates of blinking of unstimulated normal rabbits with animals stimulated by radiation. The normal blinking rate under environmental conditions is about once in every four minutes, measured in tests on several rabbits.
Assuming that blinking in the absence of external stimuli happens at random time intervals, the probability of finding a spontaneous blink in any given one-second interval is 0.0042. On the other hand, in 50 radiation stimulations above ''threshold, " as in Fig. 5 , we found 47 definite responses, a probability of 0. 94. -The statistical significance of this finding is high.
Since individual rabbits exhibited considerable variation in their threshold sensitivity, and repeated stimulation appeared to lower the threshold, we UCRL-9681
·a.
. . Each large pulse of radiation had some residual deleterious effect.
Ten to twenty strong stimulations, depending on the depth, resulted in stimulation of lachrymal secretions and prolonged closure of the eye. Within a few hours following radiation, disciform keratitis was observed. This is a localized corneal involvement with thickening of the cornea; the lesion . appears milky. Eventually, healing takes place. Histopathologically, the corneas appear quite normal (observation by Samuel Kimura).
DISCUSSION
We have demonstrated that intense millisecond pulses of high-energy a particles -4 X 10 9 particles em 2 , or 40,000 :rads or more -at the proper depth cause reflex closing of the eyelid, the "corneal radiation blinking reflex.
11
It appears that nerve fibers in the upper layers of the substantia propria are responsible for the afferent impulses initiating the reflex. 15
The amount of energy deposited by the Bragg ionization peak over a layer of perhaps 30fJ. in depth is about 0.1 g cal/ em 3 -sufficient to raise the local temperature, during the pulse, by about 0.1 °C.
Lele, and Weddell 16 have shown that radiant or conducted heat is capable of eliciting sensation in the human cornea, and that sensations of heat, cold, and pain can be distinguished. The threshold temperature difference appeared to be + L 5 or -1. The greatest sensitivity to heat is obtained It seems desirable to plan specific studies, using the same animal and similar techniques of measurement, to clarify the relationship of particle stimulation of the cornea to heat and cold stimulation. Experiments using radiaht or contact heat are complicated by the fact that several heat-sensitive structures actually warm simultaneously, whereas the depth and localization of stimulation can be varied at will when a. -particle beams are used. This method of stimulation should be useful in studies of Frey' s specific -receptor theory.
There is still considerable disagreement as to the nature of nerve endings in the cornea; however, there seem to be no encapsulated forms of nerve endings. 16 The majority of the nerves terminate in the basal layer of the epithelium in fine branches; nerves also penetrate the substantia propria. The finding that the depth most sensitive to radiation lies about 140 :FJ, below the surface of the eye, near the uppermost layers of the substantia propria, signifies the need for further histological studies. These are necessary to establish the nature of the neural mechanism responding to a. -particle stimulation. experiments with increasing refinement. One form of a possible device for this purpose is shown in Fig. 6 , where a deflection system is used to "scan" a limited region of the brain surface. Time modulation of pulsing can be achieved, and spatial and depth modulation is achieved by a suitable "mask" absorber in the beam. Near the surface of the brain considerable resolution can be achieved, because the area of a single-pulse bundle of particles need not be greater than a few j-! 2 . At greater depth, because of scattering and straggling, the definition of the particle beams is largely lost. Accelerated heavy particles of proper kinetic energy can reach any part of the brain ' 18 without the need for surgery.
Of course, much stimulation can be applied to nerves and muscles generally. Since the beam can be split into more than one branch, simultaneous stimulation of neighboring regions of the brain may be used as a tool to study facilitation and occlusion. ..
